Abstract: Catalase-peroxidases (KatGs) are bifunctional heme proteins, belonging to the family of class I peroxidases, that are able to catalyze both catalatic and peroxidatic reactions within a peroxidase-like structure. We investigated the electronic structure of reaction intermediates of the catalytic cycle of KatGs by means of density functional theory (DFT) QM/MM calculations. The outcome was that the ionization state of the KatG-specific covalent adduct (Met264-Tyr238-Trp111) affects the radical character of compound I (Cpd I). Specifically, in the optimized structures, substantial radical character is observed on the proximal Trp330 when Tyr238 is protonated, whereas when Tyr238 is deprotonated the radical localizes on the Met + -Tyr(O -)-Trp adduct. These findings are not affected by protein thermal fluctuations, although details of the spin density distribution are affected by the geometry of the active site. Calculations provide structures in good agreement with the crystal structure of BpKatG Cpd I. They also provide an explanation for the experimental findings of the mobile and catalatic-specific residue Arg426 being 100% in conformation R in the X-ray structure of BpKatG treated with organic peroxides. The role of different Cpd I forms in the catalase and peroxidase reaction pathways is discussed.
Introduction
Catalase-peroxidases (KatGs) are bifunctional heme proteins belonging to class I of the peroxidase superfamily (plants, fungi, and bacteria). 1 Recent work has shown that some examples of the enzyme also have associated NADH oxidase, INH lyase, and isonicotinoyl-NAD synthase activities. 2 The latter two activities are responsible for the activation of isoniazid as an antitubercular drug in Mycobacterium tuberculosis, 3 a cause for considerable interest in the enzyme. 4 The catalase and peroxidase reactions both involve compound I (Cpd I) formation (reaction 1), with the heme initially oxidized to the oxoferryl state (Fe IV dO) and a second oxidizing equivalent stored on the porphyrin (Por •+ ) 5 or on a protein residue after electron transfer (reaction 2). [6] [7] [8] Recent works have shown that in this case the oxoferryl oxygen is protonated. [9] [10] [11] It is in the reduction of Cpd I back to the resting state that the catalase and peroxidase reactions differ. In the catalatic reaction, Cpd I is reduced in a single two-electron transfer from H 2 O 2 (reaction 3), whereas in the peroxidatic reaction Cpd I undergoes two sequential one-electron transfers, usually from organic donors, and involves an intermediate called compound II (Cpd II, reactions 4 and 5). 12 There are several differences in the reaction kinetics between KatGs and monofunctional enzymes. Monofunctional catalases and peroxidases exhibit faster kinetics and are active over a † Centre de Recerca en Química Teòrica, Parc Científic de Barcelona. broad pH range, 8, 12, 13 whereas KatG activities are restricted to relatively narrow pH ranges that differ for the catalase and peroxidase activities. 2 The maximum peroxidase activity takes place at acidic pH (pH ≈ 4.5 in Burkholderia pseudomallei, BpKatG) while the maximum catalase activity occurs at more basic values (pH ≈ 6.5 in BpKatG). 2 Until recently, it was commonly assumed that the catalatic mechanism of KatGs was similar to that of monofunctional catalases. However, recent stop-flow spectroscopy studies of KatGs revealed spectral characteristics not previously noted in monofunctional catalases, suggesting a different catalatic reaction pathway. [14] [15] [16] [17] Detailed structural information of KatGs is available from the crystal structures of the enzymes from Haloarcula marismortui, HmKatG; 18, 19 Burkholderia pseudomallei, BpKatG; 20 Synechococcus, PCC7942; 21 and Mycobacterium tuberculosis, MtKatG. 22 These structures revealed the similarity between the active sites of KatGs and (class I) peroxidases, such as cytochrome c peroxidase (CcP) and ascorbate peroxidase (APX). 23, 24 Biochemical characterization of variants of KatGs from different sources led to the identification of a number of peroxidase-and catalase-specific residues (reviewed in ref 25). The Arg108/Trp111/His112 triad on the distal side and the His279/Asp389/Trp330 triad on the proximal side (see Figure  1 ; all numbering is for BpKatG unless otherwise stated) are characteristic of class I peroxidases. 12 To impart catalase activity to the peroxidase core, Asp141 and a cross-linked adduct formed by Trp111, Tyr238, and Met264 (hereafter the Met + -Tyr-Trp adduct) and Arg426 are required. Asp141 is believed to control the entry of substrate into the active site, 26 but the precise role of the adduct and Arg426 remains unclear. 14,15,27-29
The unusual Met + -Tyr-Trp adduct has been observed in all KatG structures, and mass spectrometry studies have confirmed its presence. 27, 28 Moreover, mutation of any of the three residues constituting the adduct impair the catalatic activity with limited effects upon the peroxidatic activity. 25 To our knowledge, the Met + -Tyr-Trp adduct is unique to KatGs. Modified tyrosines have been observed in the active site of galactose oxidase, 30 catalase-1 from Neurospora crassa 31 (Tyr-Cys thioether bond), catalase HPII from Escherichia coli (Tyr-His), 32 BATCH: ja11a15 USER: sjs29 DIV: @xyv04/data1/CLS_pj/GRP_ja/JOB_i44/DIV_ja072245i DATE: September 26, 2007 c oxidase 33, 34 (Tyr-His), and it has been proposed that these enzymes exploit the modified properties (oxidation potential, acidity, and bond strength) of the crosslinked species for catalysis. 35 No examples of Met-Tyr side-chain cross-links have been reported to date, while the only example of a Trp-Tyr bond comes from a CcP mutant 36 (H52Y, but note that here a C-N bond is formed, as opposed to the C-C bond in KatGs). The role of Arg426 is particularly enigmatic because it is not in direct contact with the heme (the C R is almost 20 Å away from the iron of the porphyrin), and yet it enhances the catalase reaction 10-fold. 25, 37 The side chain of Arg426 can adopt two conformations (Figure 1) . In one position, it forms a close association with Tyr238 in the Met + -Tyr-Trp adduct (conformation Y), and in the second position, it is shifted away from the adduct to a region containing two other arginine residues (conformation R). The relative proportion of Y and R conformers is pH dependent, and a systematic study of changes occurring in the structure of BpKatG as the pH of crystals is varied across the pH range from 4.5 to 8.5 revealed a change from >90% R : < 10% Y at pH 4.5 (the optimum pH for the peroxidatic activity) to <5% R : > 95% Y at pH 8.5. 38 The relative proportion at pH 6.5 (the optimum pH for the catalatic activity) is 50% R : 50% Y.
The pH dependence of the Arg426 side-chain conformation coupled with its key role in catalase activity suggested that it can act as a molecular switch reversibly interacting with the Met + -Tyr-Trp adduct to inductively alter heme reactivity. 37 As both the catalatic and peroxidatic pathways involve the formation of Cpd I (reaction 1), the role of Arg426 most logically lies in the reduction of Cpd I (reaction 3). However, the structure of Cpd I has Arg426 100% in conformation R both at mild acidic and basic conditions. 37 Such a significant change in the R:Y equilibrium occurring upon Cpd I formation followed by its reversal during Cpd I reduction suggests a very dynamic catalytic process sensitive to the protonation state of the adduct. Interestingly, recent spectroscopic investigations of the reaction of KatG with H 2 O 2 detected two different species, depending on the pH, 17 with the transition among the two in the pH range 6-7, depending on the source of KatG. 17 The spectrum of the high-pH species (at pH 8.5 exhibited maxima at 418 and 520 nm) did not resemble the spectrum of any reaction intermediate previously reported in peroxidases or catalases. The spectrum of the low-pH species (at pH 5.6, exhibited maxima at 415, 545, and 580 nm) resembled the spectra of other intermediates or complexes observed in peroxidase chemistry (see ref 17 for a full discussion). This study suggests that either the catalatic reaction follows different pathways, depending on the pH, or that the rate-limiting step varies, depending on the pH. It is the objective of the present study to investigate the pH dependence of the electronic structure of the reaction intermediates Cpd I and Cpd II. Among the titratable residues within the active site, His112 and Asp141 can be ruled out as responsible for the pHdependent behavior. His112 is supposed to display a pK a < 5.5, 39 although smaller values have been proposed. 12 Asp141 is solvent exposed and not in direct contact with any charged residue; thus, its pK a is expected to be ∼4. Tyr238 forms in the resting enzyme a pH-sensitive ionic bond with Arg426, and an apparent pK a of 6.5 may be inferred from crystallographic studies. 37, 38 Therefore, the effect of the different protonation states of Tyr238 and its different association states with Arg426 could be responsible for the observed pH changes.
In an attempt to solve these issues, theoretical techniques could be very useful to complement experimental studies. In recent years, several density functional theory (DFT)-based studies of reaction intermediates of monofunctional catalases 11, [40] [41] [42] and peroxidases have appeared, including HRP, [43] [44] [45] CcP, 43 APX, 46 and cytP450 43, 47 as well as more general analyses. [48] [49] [50] [51] [52] These studies show that DFT is suitable for the description of the electronic structure of these complex active sites. Recent DFT QM/MM studies on HRP disentangled the complex electronic structures of HRP Cpds I and II and showed that the electronic properties of the reaction intermediates are modulated by the protein environment. 41, 43 Similar studies have also been performed for other heme proteins. 10 To the best of our knowledge, the reaction intermediates of KatGs have not yet been studied by DFT or other quantum chemistry methods.
In this report, we investigate the electronic properties of the KatG-specific Met + -Tyr-Trp adduct and the reaction intermediates of BpKatG by means of DFT and DFT QM/MM techniques. First, we show that the covalent linkage of Met, Tyr, and Trp modifies their redox and ionization properties with respect to the free residues. Second, we show that the radical characters of Cpd I and Cpd II active sites are significantly affected by the protonation state of the adduct and that the classic porphyrin radical of Cpd I preferentially migrates to one of two locations, depending on the pH. We propose that there are several different types of Cpd I present in active KatGs which have similar protein and heme structures but different electronic structures. Finally, the role of these electronically different Cpd I species in the catalase and peroxidase reaction pathways are discussed in the light of the experimental information available.
Methods

Initial Structures.
The initial structures for the calculations were built from the X-ray structures of BpKatG Cpd I at pH 5.6 (resolution 1.9 Å, PDB entry 2B2R) 20 and native BpKatG at pH 8.5 (resolution 1.9 Å, PDB entry 2FXJ). 37 The structure of BpKatG Cpd I was used as a model for the R conformation of Arg426, while the native BpKatG at pH 8.5 was used as a model for the Y conformation. Hydrogen atoms were added using standard bond lengths and bond angles. The protein was solvated with water molecules (38531 and 42393 water molecules for Arg426 in R and Y conformations, respectively), and Na + ions were added to neutralize the simulation cell. All Arg, Lys, Asp, and Glu residues were considered in their ionized form. The protonation state of the histidine residues took into account their hydrogen bond environment. For each subunit, histidines 53, 55, 85, 101, 285, 339, 360, 381, 406, 455, 568, and 650 were considered diprotonated, His112, His279, and His425 were considered N δ-protonated, and His709 was taken as N ˜-protonated. 2.2. DFT Calculations. Gas-phase quantum chemical calculations were performed to investigate properties of the covalent adduct. A model of the isolated Met-Tyr-Trp covalent adduct and that of the MetTyr-Trp:Arg426 complex were constructed from the X-ray structure of native BpKatG at pH 8.5. 37 The structures were optimized within the spin-unrestricted DFT framework, 53,54 using the Car-Parrinello molecular dynamics (CPMD) program. 55 Valence orbitals were expanded with a plane wave basis set up to 70 Ry. Martins-Troullier pseudopotentials 56 were used to describe the core electron-valence shell electron interactions. The Becke and Perdew functionals (BP86) were used for exchange and correlation interactions, respectively.
57,58 This functional form has been previously used by several groups in DFT studies on metal-based bioinorganic systems. 11,49,51,59-61 Geometry optimizations were performed using the DIIS method 62 until the largest component of the nuclear gradient was lower than 5 × 10 -4 au.
Deprotonation energies (deprE) were calculated as the difference between the energy of the protonated [Met
, depending whether deprotonation takes place at Tyr or Trp], both at the equilibrium geometry. Ionization potentials (IPs) were calculated as the difference between the energy of the adduct and the same system with one electron less, both at the equilibrium geometry. Different configurations of the adduct were considered, depending on the protonation state of the adduct (only protonation at Tyr was considered) and whether it interacts with Arg426.
2.3. pK a and Binding Energy Calculations. Additional calculations have been performed to calculate the free energy of binding of the Met-Tyr-Trp:Arg426 interaction and the pKa of the Met + -Tyr-Trp adduct. Calculations follow standard procedures [63] [64] [65] and are described in the Supporting Information.
2.4. Molecular Dynamics Simulations. Classical molecular dynamics (MD) simulations were performed in order to equilibrate the protein frame and to address the effects of thermal fluctuations on the activesite electronic structure. The approach used here exploits the efficiency of classical MD to sample protein conformation in the multi-nanosecond time scale coupled to the calculation of the active-site electronic structure at the QM/MM level for selected snapshots along the MD trajectory. All computational details concerning the classical MD simulations are collected in the Supporting Information.
2.5. Hybrid DFT QM/MM Calculations. Three different configurations were considered ( Figure 2 and Table 1 ). Models a and b have Arg426 in the R position (i.e., not interacting with the adduct) and include in the QM region the side chains of residues Arg108, Trp111, His112, Asp141, Tyr238, Met264, His279, Trp330, Asp389, and the heme group, excluding the propionates (i.e., we considered them as part of the MM region). The difference between a and b is only the protonation state of the adduct Tyr238 (unprotonated in a and protonated in b). Both models are compatible with the crystal structure of BpKatGCpd I 37 (Arg426 R , where the protonation state of the adduct cannot be inferred). Model c differs from the previous ones in the position of Arg426 (Arg426 Y , now included in the QM region), where the adduct can only be unprotonated. Even though this configuration is not compatible with the crystal structure of Cpd I, 37 it is interesting to characterize the differences observed in terms of electronic structure.
We will refer to the systems in which the QM region is two oxidizing equivalents above the resting state as Cpd I (or I). These systems were computed in a quartet spin state (S ) 3 /2) and doublet spin states (S ) 
BATCH: ja11a15 USER: sjs29 DIV: @xyv04/data1/CLS_pj/GRP_ja/JOB_i44/DIV_ja072245i DATE: September 26, 2007 1 /2). In agreement with previous theoretical studies of class I and class III peroxidases 44, 46 and catalases, 40 we found that the quartet is slightly lower in energy and the two show a similar spin distribution (see Table  3S ). We performed separate calculations, considering either an oxoferryl (FedO) or hydroxoferryl (Fe-OH) moieties. It is important to stress the fact that in our calculations there is no restriction on the distribution of the unpaired electrons within the QM region. Therefore, the third unpaired electron is not forced to be on the porphyrin.
The systems in which the active site is one oxidizing equivalent above the resting state will be referred as Cpd II (or II). In this case the calculations were done in the triplet state (S ) 1), which turned to be the lowest-energy spin state, as found in monofunctional peroxidases 45 and catalases (the singlet and quintuplet states were found to be higher in energy).
11 The oxoferryl unit of Cpd II was taken as protonated since it is generally assumed that Cpd II is protonated at neutral pH. 11, 41, 60 In order to assess the influence of different residues on the electronic structure of the reaction intermediates, additional calculations were performed considering different QM/MM partitions. All models are described in the Supporting Information (see Scheme 1S).
The QM/MM calculations were performed within a fully Hamiltonian coupling scheme between the QM region (the active site, as described above) and the classical regions (the rest of the protein in aqueous solution, in the presence of counterions). 66 Dangling bonds were saturated by hydrogen atoms. Spurious electrostatic interactions between the capping hydrogens and close-by classical atoms were excluded from the QM/MM Hamiltonian according to ref 67. Electrostatic interactions were taken into account within a multilayer approach. 67,68 Bonded and van der Waals interactions between the QM and MM parts, as well as within the MM region, were accounted for by the AMBER force field. 69 In all QM calculations the QM subsystems have been placed in a supercell and treated as isolated. Calculations were performed with the CPMD code, 55 using a modified version of the GROMOS96 code to compute the MM interactions. 70 Previous work has demonstrated the reliability of the QM/MM CPMD method in the description of structural, energetic, and dynamic properties of systems of biological interest, including hemeproteins. 71-73 Structure optimizations were performed by Car-Parrinello molecular dynamics 74 with annealing of the atomic velocities, using a time step of 5 au and a fictitious electron mass of 850 au to solve the equations of motion. The spin-density distributions have been analyzed in the framework of the atoms in molecules theory. 75 Accordingly, the electron density was written to grid of spacing ∼0.2 Å, and the atomic basins were calculated from it according to the method described in ref 76. The spin density was integrated within these basins. Tables 2, 3 , and 4 show the computed properties (deprotonation energies, deprE, pK a , and ionization potential, IP) of the adduct, in comparison with normal Tyr and Trp residues (modeled by phenol and indole, respectively). It is apparent that the adduct displays altered redox and ionization properties with respect to standard Tyr and Trp amino acids. For instance, the deprotonation energies of the adduct are lower than those in normal Tyr and Trp residues (from 355 to 293 kcal/mol for Trp and from 352 to 260 kcal/ mol for Tyr). This is probably due to the presence of the positively charged Met, which stabilizes the anionic form, and the possibility of delocalization of the negative charge onto a more extended π system. Comparing both Tyr and Trp residues, it becomes clear from Table 2 that the hydroxyl group of Tyr is the easiest to deprotonate.
Results
The Met-Tyr-Trp Adduct.
To estimate the change in the pK a of the adduct with respect to an unmodified tyrosine residue, solvent effects were calculated, following standard procedures 64,65 (details of the calculations are provided as Supporting Information, section 4S). In view of the lower deprotonation energy of the adduct with respect to a normal Tyr residue, the pK a of the adduct in water solution is expected to be much lower than that of a normal tyrosine. However, solvation effects act in the opposite direction, with the solvation energy of the protonated adduct, Met + -TyrOH-Trp, being larger than that of the unprotonated form, Met + -TyrO --Trp (the former is positively charged, while the latter is neutral). As a result, the pK a of the tyrosine in the adduct was determined to be 7.3, about 3 pK a units lower than an unmodified Tyr.
Within the protein environment, the pK a of the adduct is only slightly different (pK a ) 7.7) with respect to its value in solution. Indeed, with Arg426 in the R conformation, the adduct is not (Table 3) . For a deprotonated adduct, the IP is higher when Arg426 is close to the adduct (191 kcal/mol) than when it is away from it (132 kcal/mol). The IP of [Met + -Tyr(O -)-Trp] is higher than that of phenolate and indolide, but lower than that of the neutral species, phenol, and indole. Therefore, the IP of the adduct is significantly affected by its protonation state and by the conformation of Arg426. The unprotonated adduct [Met + -Tyr(O -)-Trp] is a better electron donor than the protonated one [Met + -Tyr(OH)-Trp], and its donor ability is reduced when Arg426 is associated with it.
3.2. The Cpd I aCtive Site. The DFT QM/MM optimized structures of the Cpd I active site are shown in the Supporting Information ( Figure 1S ). Of particular interest are the Fe-O distances, because recent studies on heme proteins suggest that there is a relation between protonation of the oxoferryl bond and the location of the third unpaired electron in Cpd I. 9,10 In particular, long Fe-O distances are related to migration of the radical from the porphyrin into the protein, while short Fe-O distances (oxoferryl bond) usually correspond to oxoferrylporphyrin radicals. The Fe-O distances obtained from the calculations are listed in Table 5 . The FedO (double bond) distances (1.71 Å for both models Ia and Ib) are the same as those obtained for monofunctional catalases. 9,11 The single bond distances for Cpd I (1.85, 1.82 Å for models Ia and Ib, respectively) are longer than the distances previously found for monofunctional catalases but in good agreement with the crystal structure of BpKatG Cpd I (Fe-O ) 1.88 Å). 37 This suggests that in the crystal structure the oxoferryl bond is protonated and that the third unpaired electron is probably not on the porphyrin.
The spin-density distribution of Cpd I for the three configurations considered is shown in Figure 3 . Significantly, the amount of radical character on the porphyrin is rather small, indicating that a porphyrin radical species is not stable. This result is independent of the protonation state of the oxoferryl bond (Tables 6 and 4S ). The spin density delocalizes into the adduct and Trp330. When the adduct is unprotonated (Ia), the unpaired electron localizes mainly on the adduct (0.7 e), but when the adduct is protonated (Ib), the unpaired electron localizes mainly on Trp330 (0.6 e). Therefore, the amount of unpaired spins in these residues depends on the protonation state of the adduct. The values obtained are consistent with the IPs calculated for the isolated adduct (the unprotonated adduct is a better electron BATCH: ja11a15 USER: sjs29 DIV: @xyv04/data1/CLS_pj/GRP_ja/JOB_i44/DIV_ja072245i DATE: September 26, 2007 donor than the protonated one). The spin-density distribution of Ic is close to that of Ib (Table 6 and Additional calculations were performed to investigate the effect of the cross-link between Trp111 and Tyr238 in the electronic structure of Ia. When only Trp111 is included in the QM region (model A and C), the amount of spin density previously present on Tyr238 is now on Trp330 and on the porphyrin (Table 7) . Therefore, when the structure is forced toward a CcP active site, the spin-density distribution also displays CcP features 12 (APX is structurally similar to CcP at the active site but displays a classical porphyrin cation radical Cpd I 12 ). Similar calculations were performed to investigate the effect of Asp141, a residue not present in CcP. The same spindensity distribution is observed when treating the Asp141 side chain at the MM (model B) or QM level (Ia), indicating that the role of Asp141 on the electronic properties of Cpd I is mainly electrostatic. Asp141 acts to stabilize the radical on the distal side of the heme, because in models B′ and C′, with the Asp charges switched off, there is a shift of the spin density toward Trp330 compared to models B and C, respectively (Table  7) . C′ is the model that best resembles the CcP active site, and it is also the one showing the largest amount of spin density on the proximal Trp (0.6 e). The amount of spin density on the proximal Trp is smaller than what was found in QM/MM calculations on CcP Cpd I, although in this study the distal Trp was not included in the QM region. 46 Models D and D′ highlight the importance of Met264 on the spin distribution on the adduct: the positive charge of Met264 reduces the electron donor capability of the adduct, resulting in a smaller amount of unpaired spin on the adduct.
The largest models we considered are E and F. E comprises the heme propionates and their H-bonding partners (Ser324, His285, Asp98, and a water molecule, Figure 4S ) into the QM region. Model F includes Trp95 into the QM region. Trp95 is a conserved residue among KatGs and a radical site in Synechocystis PCC6803, SyKatG, according to EPR experiments. 77 It turns out that the spin-density distribution in models E and F is very similar to models I (Table 4S) ; i.e. no radical character is observed either on the heme propionates or on Trp95.
When protein thermal fluctuations are accounted for, the overall picture is maintained, although variations of the spindensity distribution are observed, especially for the models showing a Trp330 radical (Ib and Ic). In fact, for model Ia a large fraction of the spin density is observed on the adduct in all conformations analyzed. On the contrary, the amount of spin density on the adduct is small in any of the MD snapshots of model Ib. These are the same features observed by analysis of the optimized structures. The active site of BpKatG was observed to be the most rigid part of the protein in MD simulations and X-ray studies (see Supporting Information, section 5S). However, small structural fluctuatiuons affect the spin-density distribution. Among the many geometrical parameters that may play a role in modulating the spin-density distribution, we mention the number of water molecules H-bonding to the FeO group, the strength (i.e., the length) of the interaction between Trp330 and Asp389, and that between Tyr238 and Arg426. However, due to the limited number of conformations considered, no clear correlation could be inferred.
In the X-ray structure of putative Cpd I, Arg426 was observed only in conformation R, at any pH. Thus, the pH-dependent equilibrium between the R and Y conformations of Arg426 observed in the native enzyme is completely shifted toward the R conformation in Cpd I. In order to rationalize these findings, knowing the energy difference between models Ia and Ic would be desirable. Unfortunately, since the two models differ for the QM/MM partitions and for protein and solvent conformation, their energies are not comparable. Thus, we turned to a simplified model intended to mimic the R f Y conformational change and the consequent electronic rearrangement observed in QM/MM calculations of models Ia and Ic (Figure 3 and Table  6 ). Specifically, we calculated the free energy change of the following reaction: Figure 5S (the appropriate number of electrons was considered), while Trp330 was modeled as an indole molecule. It turned out that the above reaction is unfavorable as it is written, with reactants more stable by 10.8 kcal/mol in water solution ( ) 80) and by 3.2 kcal/mol in a low dielectric medium ( ) 4). The unfavorable energetics would agree with the experimental observation of Arg426 being 100% R in the Cpd I crystal structure even at high pH. 37 3.3. The Cpd II Active Site. One-electron reduction of the active site of Cpd I, either by reactions 2 or 4, leads to the formation of a Cpd II active site. Figure 2S shows the optimized geometry of the Cpd II active site, while Figure 3S shows the corresponding spin-density distribution. Our analysis of Cpd II is based on the hydroxoferryl forms of Cpd II, because this is the most realistic configuration based on recent studies. 9,11,41,42 Table 8 shows that the spin density is delocalized in the adduct and/or Trp330 is taken at the expense of the Fe-OH fragment. The shape of the spin-density distribution at the iron ( Figure  3S) shows that only one of the iron d π orbitals (d xz or d yz ) is singly occupied unlike the situation in Cpd I (Figure 3) . Therefore, the oxidation state of the iron atom in KatG-Cpd II is better described as Fe III , rather than Fe IV as in the classical Cpd II state of monofunctional catalases. 11 A similar scenario was recently reported for HRP Cpd II, where it was found that (Table 3S) .
the most stable hydroxoferryl form of HRP is a Por +• Fe III OH species. 45 The calculations reported here display a similar Fe III oxidation state, with the electron-reducing Fe IV coming either from Trp330 or from the covalent adduct, depending on the protonation state of Tyr238 ( Figure 3S and Table 8 ). KatG differs from HRP in that it possesses more easily ionizable residues on the proximal and distal side of the heme: Trp330 (a Phe in HRP), Tyr238, and Trp111 (only a Phe in HRP). It was also recently proposed that the spectroscopic features of MtKatG 14 Cpd II may be explained as a (KatG · )Fe III -X (X ) OH -or H 2 O) structure, whereas the MtKatG(Y229F) (Y238F in BpKatG numbering) is the typical oxoferryl species. Nevertheless, there is no evidence of a protein-based radical from Mössbauer or EPR measurements.
Discussion
The basic peroxidase core of KatGs consists of the His112/ Arg108/Trp111 (BpKatG numbering throughout) triad on the distal side, together with His279, Asp389, and Trp330 on the proximal side (Figure 1) . Supplementing the core with a small number of additional residues, including Asp141, the unusual Met264-Tyr238-Trp111 covalently linked adduct and Arg426, converts the enzyme into a moderately efficient catalase. In particular, both the integrity of the adduct and the presence of Arg426 are necessary for catalatic activity. 14,15,25,27-29, 37, 78 Arg426 participates in a pH-sensitive interaction with Tyr238 which lowers the apparent pK a of Tyr238 to 6.5 (inferred from crystallographic studies 37, 38 ) from the expected pK a of about 10 for a normal Tyr. Understanding the role of the Met264-Tyr238-Trp111 adduct (Figure 1 ) in the reaction mechanism is a major topic in biochemical studies of KatGs. 14,16,25, 38 The first step toward elucidating the enzyme reaction mechanism is to characterize the structure and electronic structure of the reaction intermediates. The crystal structures of KatG Cpd I 37 , obtained upon reaction of the enzyme with organic peroxides, show that Arg426 adopts fully the R conformation (i.e., not interacting with the adduct), while mixtures of both R and Y conformations are found in the native enzyme, the relative proportions being pH dependent. 38 Interestingly, recent spectroscopic investigations of the reaction of KatG with H 2 O 2 detected different species, depending on the pH. 17 These observations prompted us to investigate by quantum mechanical methods the electronic properties of the Met + -Tyr-Trp adduct and the KatG reaction intermediates for different protonation states of Tyr238 and its different association states with Arg426.
The classical catalase and peroxidase Cpd I contains the heme oxidized to the oxoferryl state (Fe IV ) O) and a second oxidizing equivalent stored on the porphyrin. 12 Our QM/MM calculations show that when only the heme prosthetic group is included in the QM region, the classical Fe IV ) O-Por +· is observed (Table  5S) . However, as soon as the neighboring residues are included in the QM region, the porphyrin radical tends to be reduced. When only Trp330 is in the QM region, the radical character is shared between the Por and the indole side chain. When only the distal adduct is included in the QM region, the radical localizes onto the adduct when this is deprotonated but remains on the porphyrin if the adduct is protonated. Including both the distal adduct and the proximal Trp into the QM region reveals that little spin density is observed on the porphyrin. In either of these two configurations (Ib or Ic), the electron distribution resembles that of CcP. Similar results are obtained when both Met264-Tyr238 residues are not treated quantum mechanically (i.e., the electron density is not allowed to delocalize through most of the adduct) ( Table 7) .
The overall picture is not affected by the conformational fluctuations of the protein, although variations of the spin distribution are observed. In fact, a large fraction of the spin density is observed on the adduct in all conformations analyzed for model Ia. On the contrary, the amount of spin density on the adduct is small in any of the MD snapshots of model Ib. In model Ib, conformational fluctuations may lead to the delocalization of spin density onto the porphyrin, resembling the classical porphyrin cation radical form of Cpd I. As noted in the following, KatGs differ from both CcP and APX in terms of the interactions that account for the stabilization of the proximal Trp radical with respect to the porphyrin radical. Thus, although the magnitude of the fluctuations are determined by the force field used, it seems reasonable that small structural fluctuations may shift spin density from one site to the other.
In QM/MM calculations, the possibility to observe proteinbased radicals is limited to the region treated at the QM level. Protein-based radical species have been observed in several catalases and peroxidases and may possibly be directly involved in the enzymatic reaction. 17 In KatGs, the intermediates formed during the reaction with peroxyacetic acid (PAA) in the absence of electron donor(s) have been characterized by EPR spectros- 84 A model to rationalize the chameleon nature of Cpd I, proposed by de Visser and co-workers, 43 turns out to be suitable for the present discussion. The model relies on a valence bond description of the electronic structure of Cpd I, expressed as the combination of different forms. Four forms are of interest here:
where Add stands for the Met264-Tyr238-Trp111 adduct and aa is a protein-specific residue, usually a Tyr or Trp residue. The mixing of the different forms depends on the energy gaps between them, which are given by the difference between the IP of the donor group and the electron affinity of the Fe IV d O-Por +· species, their orbital overlap, and the difference in electrostatic interaction energy in the two forms. 43 The model was originally introduced to clarify the difference between Cpd I of CcP and HRP, 43 suggesting that the protein frame stabilizes the |a〉 form in HRP and the |b〉 form in CcP. In the gas phase, forms |a〉 and |b〉 are degenerate. 85 As shown by Poulos in a series of studies on CcP, [86] [87] [88] relatively minor variations in the protein environment can shift the radical cationic species around. CcP and APX, structurally very similar (33% sequence identity), especially in the vicinity of the heme group (the His-Asp-Trp triad on the proximal side), display different Cpd I electronic structures (|b〉-like in CcP and |a〉-like in APX 23 ). Continuum electrostatics calculations showed that in CcP the protein frame stabilizes a proximal cation radical species, 88 while no such stabilization was found in APX. A study by Jensen and co-workers, 89 based on the protein dipoles Langevin dipoles model, concluded that several factors contribute to stabilization of the proximal Trp radical cation in CcP with respect to APX. Similar conclusions were achieved by Harvey et al. from QM/MM studies. 46 Among the contributions that account for the different electronic structure in CcP and APX are the presence of a potassium ion 8 Å from the proximal Trp in APX (destabilizing the Trp cation radical) and the contribution of Met230 in CcP (stabilizing the cation radical Trp, substituted by Leu203 in APX). In KatG X-ray structures, no cations were detected near the proximal pocket, while CcP Met230 is replaced by Thr384 in BpKatG. Our QM/MM calculations indicate that in the optimized models of BpKatG, |b〉 is favored over |a〉. However, protein thermal fluctuations may favor one form with respect to the other.
Further migration of the radical to more distant residues (|d〉 form, also known as Cpd I*), as observed in MtKatG and SyKatG, cannot be ruled out on the basis of our calculations. The largest models we considered comprised the heme propionates (model E) or Trp95, equivalent to Trp106 in MtKatG, (model F) in the QM region, and no spin density was observed on these groups (Table 3S and Figure 4S ).
From the above discussion we conclude that the energy levels of forms |a〉, |b〉, and |d〉 are determined by the protein environment. What appears to be characteristic of KatGs is the possibility of switching the electronic state, depending on the pH. Indeed, the energy level of form |c〉 is modulated by the pH and the association with Arg426. The unprotonated adduct [Met + -Tyr(O -)-Trp] is a better electron donor (lower IP) than the protonated one [Met + -Tyr(OH)-Trp], and its donor ability is reduced when Arg426 is associated with it (Table 4 ). The IP of [Met + -Tyr(O -)-Trp] is higher than that of phenolate and indolide, but lower than that of the neutral species, phenol and indole. Indeed, QM/MM calculations show that when the adduct is deprotonated, form |c〉 predominates. After protonation of Tyr238 or its association with Arg426, the energy of |c〉 is increased, and the radical moves to a site determined by the protein frame. Further studies are needed to ascertain whether and how this feature may be related to the bifunctionality of the enzyme. In the following we put forward some simple considerations. Figure 4 shows our proposed reaction scheme, along with the location of the computed species. The porphyrin-cationradical form of Cpd I has been included since it has been observed experimentally in SyKatG. 7, 77 Interconversion between the different forms should be possible, ensuring that the enzyme does not get blocked in a given intermediate state if the competent substrate is missing. 17 In view of the experimental and theoretical data available, several forms of Cpd I are possibly relevant for catalysis. Unfortunately, a possible relation of these Cpd I forms with the results of UV-visible spectroscopic experiments in KatGs 17 cannot be drawn, since differences in radical sites cannot be elucidated from UV-visible |a〉: Trp330-Add-aa-Fe spectroscopic techniques alone. The reduction of a catalase Cpd I has usually been understood to imply reduction of the porphyrin cation radical, whereas the reduction of a peroxidase Cpd I often involves reduction of a protein radical some distance from the heme. Therefore, if protein radicals are to be intermediates in the catalase reaction they should be in close proximity to the heme to allow their rapid reduction by H 2 O 2 binding in the heme cavity. If sufficient H 2 O 2 is present to promote catalatic reduction of Cpd I (K m ≈ 4 mM), the radical remains in close proximity to the heme, whereas a negligible catalatic reaction, arising from low levels of H 2 O 2 or the involvement of an organic peroxide, allows the radical to move further into the protein. According to this criterion, the porphyrin radical and species Ia, Ib, and Ic all store two oxidation equivalents within the heme cavity, which would seem appropriate for the catalatic reaction, while the more distant Cpd BATCH: ja11a15 USER: sjs29 DIV: @xyv04/data1/CLS_pj/GRP_ja/JOB_i44/DIV_ja072245i DATE: September 26, 2007 I* species may undergo two sequential one-electron reductions. Within this scenario, the presence of the adduct either alters the redox potential of Cpd I, making it more suitable for the reaction with H 2 O 2 , or hinders the formation of the distant Cpd I*.
As an alternative criterion, we may consider the location of radical site with respect to the heme plane (distal vs proximal). Indeed, a species like Ia, with the radical on the distal side of the heme, has not been reported so far for peroxidases (recently, formation of a distal side Trp radical was observed on exposure of APX to H 2 O 2 under noncatalytic conditions. 84 ), whereas Ib (and Ic) are similar to Cpd I in CcP, a monofunctional peroxidase. Therefore, Ia and the oxoferryl-porphyrin radical form, storing two oxidation equivalents on the heme/or its distal side, might be more appropriate for the catalatic reaction, whereas Ib, Ic, and the distant Cpd I* might be associated to the peroxidatic reaction.
In summary, our calculations predict a family of Cpd I intermediates of KatGs, having similar protein and heme structures, but very different electronic structures. The Cpd I species formed at low pH, Ib or [Met + -Tyr(OH)-Trp:Arg R ], holds the radical on the proximal Trp, similar to CcP, whereas the Cpd I species formed at high pH, Ia or [Met + -Tyr(O -)-Trp:Arg R ], holds the radical on the adduct with the implication of an equilibrium mixture of the two species at intermediate pH's.
Abbreviations: KatGs, catalase-peroxidases; Bp, Burkholderia pseudomallei; Mt, Mycobacterium tuberculosis; Hm, Haloarcula marismortui; Sy, Synechocystis PCC6803; CPMD, CarsParrinello molecular dynamics; QM, quantum mechanics; MM, molecular mechanics; MD, molecular dynamics; CP, Cars Parrinello; DFT, Density Functional Theory.
